Ferroptosis is an iron-dependent form of non-apoptotic cell death, but its molecular mechanism remains largely unknown. Here, we demonstrate that heat shock protein beta-1 (HSPB1) is a negative regulator of ferroptotic cancer cell death. Erastin, a specific ferroptosis-inducing compound, stimulates heat shock factor 1 (HSF1)-dependent HSPB1 expression in cancer cells. Knockdown of HSF1 and HSPB1 enhances erastin-induced ferroptosis, whereas heat shock pretreatment and overexpression of HSPB1 inhibits erastin-induced ferroptosis. Protein kinase C-mediated HSPB1 phosphorylation confers protection against ferroptosis by reducing iron-mediated production of lipid reactive oxygen species. Moreover, inhibition of the HSF1-HSPB1 pathway and HSPB1 phosphorylation increases the anticancer activity of erastin in human xenograft mouse tumor models. Our findings reveal an essential role for HSPB1 in iron metabolism with important effects on ferroptosis-mediated cancer therapy.
INTRODUCTION
Cell death occurs in many forms with different hallmarks depending on the type of stress. 1, 2 In addition to apoptosis, several types of caspase-independent programmed cell death have recently been identified to regulate various physiological and pathological processes. [3] [4] [5] Among them is ferroptosis, coined by Dixon et al., 6 which refers to an iron-dependent novel form of non-apoptotic cell death. Ferroptosis is significantly distinct at morphological, biochemistral and genetic levels from other forms of cell death such as apoptosis and necrosis. 6 For example, the classic morphological and biochemical features of apoptosis (for example, chromatin fragmentation, mitochondrial cytochrome c release, caspase activation and poly adenosine diphosphate ribose polymerase cleavagation) and necrosis (for example, disruption of the cellular membrane, swelling of the cytoplasm and mitochondria, cellular energy depletion) are not observed in ferroptosis. 6 This process is characterized by the overwhelming, iron-dependent accumulation of lethal lipid reactive oxygen species (ROS). 6 Erastin functions as a specific ferroptosis activator by acting on mitochondrial voltagedependent anion channels or cystine/glutamate antiporters, exhibiting selectivity for several tumor cells bearing oncogenic RAS. [7] [8] [9] [10] The morphological features of erastin-treated cells include smaller cell size and smaller mitochondria with increased membrane density and loss of structural integrity. 6, 9 In contrast, ferrostatin-1 is a potent and selective inhibitor of ferroptosis through preventing erastin-induced accumulation of lipid ROS, but not chelating iron. 6 Several genes or proteins responsible for the regulation of iron and lipid ROS metabolism have been implicated in ferroptosis. 11 For instance, glutathione peroxidase 4 has been identified as a negative regulator of ferroptosis by limiting lipid ROS production, 12 but the intricate regulatory mechanisms of ferroptosis remain largely unknown. Necroptosis is a form of regulated necrosis that can be activated by ligands of death receptors under apoptotic deficient conditions. Recent studies indicate that ferroptosis, but not necroptosis, contributes to acute renal failure and renal tubular cell death after ischemia. 13, 14 This result indicates that different types of regulated death may be involved in different tissue ischemia reperfusion injuries.
Heat shock proteins (HSPs) are constitutively expressed under normal conditions, but are inducibly overexpressed under stressful conditions such as heat shock, pH shift and hypoxia. 15 On the basis of their molecular mass, HSPs are generally divided into six families, namely HSP100, HSP90, HSP70, HSP60, HSP40 and the small heat shock proteins. Heat shock factors (HSFs) are the master transcriptional factors that regulate the inducible synthesis of these HSPs during stress. 16 HSPs mainly function as molecular chaperones and protect cells against harmful stimuli by stabilizing unfolded or misfolded peptides and repairing denatured proteins or promoting their degradation. 15 Inducible HSPs have been reported to render cancer cells resistant to apoptosis and necrosis in both chaperone activity-dependent and -independent ways, 17 but their roles in ferroptosis has not yet been investigated.
In this study, we demonstrate that HSPB1 (also called mouse HSP25 or human HSP27), a member of the small heat shock proteins, is highly inducible following erastin treatment in several types of cancer cells. Phosphorylated HSPB1 acts as a negative regulator of ferroptosis by reducing cellular iron uptake and lipid ROS production. Inhibition of HSPB1 expression and phosphorylation in vitro and in vivo increases the anticancer activity of erastinmediated ferroptosis. Our findings present a novel role for HSPB1 in the regulation of ferroptosis with important effects on erastinmediated anticancer therapy. Our findings also provide new insight into how cancer cells are able to avoid the ferroptotic cell death process.
RESULTS

Erastin induces HSF1-dependent HSPB1 expression in human cancer cells
To determine whether erastin induces HSP expression in cancer cells, human cervical carcinoma HeLa cells were treated with erastin for 8 and 24 h, and the messenger RNA levels of HSP100 (for example, ClpB), HSP90, HSP70, HSP60, HSP40 and HSPB1 were analyzed by quantitative real-time polymerase chain reaction. Among these HSPs, HSPB1 was the most highly induced gene ( Figure 1a ). Consistently, western blot analysis revealed that the protein level of HSPB1, but not HSP90 and HSP70, was significantly increased in HeLa cells following erastin treatment (Figure 1b ). In addition, erastin also induced the expression of HSPB1, but not HSP90 and HSP70, in other human cancer cell lines including U2OS (osteosarcoma) and LNCaP (prostate adenocarcinoma, Figure 1b ). To determine whether HSF1, the master regulator of heat-induced HSP expression, 16 was required for erastin-induced HSPB1 expression, a target-specific short hairpin RNA (shRNA) against HSF1 was transfected into HeLa, U2OS and LNCaP cells. The knockdown of HSF1 significantly inhibited erastin-induced HSPB1 messenger RNA ( Figure 1c ) and protein ( Figure 1d ) expression. Collectively, these findings suggest that the HSF1-dependent HSPB1 expression may be involved in the regulation of erastininduced ferroptosis.
Inhibition of HSF1-dependent HSPB1 expression increases erastininduced ferroptosis
To characterize the role of the HSF1-HSPB1 pathway in ferroptosis, erastin-induced growth inhibition was assayed using an alamarBlue Cell Viability Assay Kit. The downregulation of HSF1 ( Figure 2a ) and HSPB1 ( Figure 2b ) by specific shRNAs increased erastin-induced growth inhibition in HeLa (Figure 2c ), U2OS ( Figure 2d ) and LNCaP cells (Figure 2e ), suggesting that the HSF1-HSPB1 pathway might be a negative regulator of erastin-induced cancer cell death. Indeed, the knockdown of HSF1 and HSPB1 similarly increased erastin-induced intracellular concentrations of iron ( Figure 2f ) and lipid ROS (Figure 2g ), two surrogate markers for ferroptosis. 6 As expected, the increase in cellular iron in HSPB1 knockdown cells was associated with increased expression of transferrin receptor protein 1 and a mild decrease in the expression of ferritin heavy chain 1 (Figure 2h ). Unlike staurosporine (an inducer for apoptosis) or hydrogen peroxide (H 2 O 2 , an inducer for necrosis), erastin did not significantly elevate the caspase 3 activity (as a marker for apoptosis, Figure 2i ) and lactate dehydrogenase (LDH) release (as a marker for necrosis, Figure 2j ). LDH is a soluble cytosolic enzyme that is released into the culture medium following the loss of membrane integrity resulting from necrosis. Our data of LDH release is consistent with a previous finding that necrosis is not observed in cancer cells following erastin treatment. 6 In addition, secondary lipid oxidation products (for example, 4-hydroxy-2-nonenal) 6 may also inactivate LDH. 18 Moreover, treatment with deferoxamine (an iron-chelating agent) and ferrostain-1 (an inhibitor of ferroptosis), but not Z-VAD-FMK (a general caspase inhibitor), necrostain 1 s (Nec-1 s, an inhibitor of necroptosis) or cyclosporin A (CsA, an inhibitor of cyclophilin D), prevented erastin-induced growth inhibition in HSF1 and HSPB1 knockdown HeLa ( Figure 2k ) and U2OS ( Figure 2l ) cells. Thus, these findings indicate that the inhibition of HSF1-dependent HSPB1 expression specifically increased erastin-induced ferroptosis but not other types of cell death (for example, apoptosis, necrosis and necroptosis) in cancer cells.
HSPB1 overexpression inhibits erastin-induced ferroptosis
To further characterize the role of HSPB1 in ferroptosis, we first determined whether heat shock-induced HSPB1 expression would inhibit erastin-induced ferroptosis. Heat shock pretreatment at 42.5°C for 1 h significantly increased HSF1 phosphorylation at Ser326 (a marker for increased HSF1 transcription activity by heat stress, 19 Figure 3a ) and messenger RNA expression of HSPs including HSP70 ( Figure 3b ) and HSPB1 ( Figure 3c ) at a recovery time of 8 to 24 h. Importantly, heat shock pretreatment reduced erastin-induced growth inhibition (Figures 3d and e ), suggesting a protective effect of the heat shock response in the regulation of ferroptosis. In contrast, the knockdown of HSF1 and HSPB1 by shRNA remarkably reversed the heat shock pretreatmentmediated protective effect following erastin treatment (Figures 3f and g). Furthermore, overexpression of HSPB1 by transfection of HSPB1-complementary DNA (cDNA) inhibited erastin-induced growth inhibition in HeLa cells (Figure 3h ), further confirming HSPB1 as a negative regulator of erastin-induced ferroptosis.
HSPB1 phosphorylation mediates resistance to erastin-induced ferroptosis In response to erastin, the levels of phosphorylation and expression of HSPB1 were elevated in HeLa cells (Figures 1 and  4a ). To gain insight into the intricate molecular mechanism by which HSPB1 regulates erastin-induced ferroptosis in cancer cells, we next explored whether alterations in the phosphorylation of HSPB1 influences ferroptosis. Previous studies have indicated that HSPB1 phosphorylation during stress is regulated by several kinases such as PKC. 20 Consistently, PKC inhibitors (for example, Gö 6983 and calphostin C) significantly blocked HSPB1 phosphorylation ( Figure 4a ) and increased growth inhibition following erastin treatment (Figure 4b ). Furthermore, the expression of phosphorylation-deficient mutants of HSPB1 (S15A/S86A) did not suppress erastin-induced ferroptosis, whereas wild-type HSPB1-cDNA did (Figure 4c ). Phosphorylation of HSPB1 positively modulates actin polymerization and reorganization, which limits iron uptake. 21, 22 As expected, the suppression of HSPB1 phosphorylation by PKC inhibitors (for example, Gö 6983 and calphostin C) and disruptions of actin cytoskeleton by cytochalasin D similarly increased intracellular iron (Figure 4d ), lipid ROS production ( Figure 4e ) and growth inhibition (Figure 4f ). Members of the Wiskott-Aldrich syndrome protein family activate the Arp2/3-complex leading to actin polymerization. 23 To further confirm the role of actin polymerization in ferroptosis, we genetically knocked down WAVE2, a key member of Wiskott-Aldrich syndrome protein in mammals. Suppression of WAVE2 expression by shRNA ( Figure 4g) in HeLa cells increased intracellular iron (Figure 4h ) and growth inhibition (Figure 4i ) following erastin treatment. These findings suggest that phosphorylation of HSPB1 contributes to ferroptosis resistance through inhibiting cytoskeleton-mediated iron uptake and lipid ROS production.
Suppression of the HSF1-HSPB1 pathway increases anticancer activity of erastin in vivo
To test if suppression of HSF1 and HSPB1 expression also increased tumor sensitivity to erastin in vivo, the HSF1 and HSPB1 stable knockdown HeLa cells were implanted into the subcutaneous space of the right flank of mice. Beginning at day 7, these mice were treated with erastin. Compared with the control shRNA group, erastin treatment effectively reduced the size of tumors formed by HSF1 and HSPB1 knockdown cells (Figure 5a ). The quantitative real-time polymerase chain reaction analysis of the expression of PTGS2, a marker for assessment of ferroptosis in vivo, 12 indicated that the knockdown of HSF1 and HSPB1 increases ferroptosis (Figure 5b ). Moreover, KRIBB3, an inhibitor of blocking protein kinase C-dependent phosphorylation of HSPB1, 24 dose-dependently increased erastin-induced tumor inhibition ( Figure 5c ), which was associated with an increased PTGS2 messenger RNA expression ( Figure 5d ). Together, these findings demonstrated that the HSF1-HSPB1 pathway is important in modulating the anticancer activity of erastin-mediated ferroptosis in vivo.
DISCUSSION
The cellular stress response is a complicated network involved in the activation of survival pathways and the initiation of cell death. 25, 26 In this study, we demonstrated that the activation of the HSF1-HSPB1 pathway negatively regulated erastin-induced ferroptosis. In addition, we demonstrated that the PKC-mediated HSPB1 phosphorylation was required for conferring resistance to erastin-induced ferroptosis, possibly through regulating iron-mediated lipid ROS production. In particular, genetic knockdown or pharmacologic inhibition of the HSF1-HSPB1 pathway significantly increased the anticancer activity of erastin in vitro and in vivo. These data not only reveal a novel role for HSPB1 in ferroptosis, but also suggest the inherent regulatory mechanism of HSPB1 as a potential therapeutic target against cancer.
Ferroptosis was first described in engineered human foreskin fibroblasts as a unique response to oncogenic RAS-selective lethal compounds such as erastin 8 as distinguishable from all other types of cell death. 6 Subsequently, others 6, 10, 12 have confirmed that erastin also induces ferroptosis in RAS-carrying cancer cells such as HeLa, U2OS and LNCaP cells. In the present study, we discovered that erastin treatment also induces a significant heat shock response in cancer cells. As a set of well-ordered and regulated responses to stress, the heat shock response is characterized by the sequential activation of HSF1 and production of HSPs. 15, 16 Our findings suggest that HSF1-dependent HSPB1 expression can also protect tumor cells against erastin-mediated ferroptosis, because the inhibition of the HSF1-HSPB1 pathway significantly enhanced the anticancer activity of erastin in vitro and in vivo. Given that heat shock pretreatment similarly protects tumor cells against erastin-induced ferroptosis, it will be important to explore the possible role of other HSPs in the regulation of the ferroptotic response.
Until recently, HSPB1 has been considered a molecular chaperone involved in regulation of the organization of the cytoskeleton 27 or stabilizing aberrantly folded proteins to prevent aggregation. 28 Upon phosphorylation, however, HSPB1 oligomers dissociate into monomers, which then functions as an inhibitor of apoptosis 29 and inducer of autophagy. 30 The phosphorylation of HSPB1 is dynamic and regulated by different kinases such as MAPKAPK-2/3, 31 cGMP-dependent protein kinase 32 and PKC. 20 We observed that erastin-induced HSPB1 phosphorylation is mediated by PKC and its attenuation by PKC inhibitor or genetic knockdown enhances erastin-induced ferroptosis. Collectively, these findings suggest that the induction of HSPB1 phosphorylation is a universal pro-survival event against various types of cell death, including ferroptosis.
Iron is a trace element essential for fundamental metabolic processes and cell survival, but its excessive accumulation causes cell death. 11, 33 For example, ferroptosis is a type of cell death resulting from an iron-dependent accumulation of lipid ROS, 6 which can be prevented by iron chelation or inhibition of iron uptake, as in the use of deferoxamine. 6 Although the specific role of iron in ferroptosis remains unclear, one or more iron-dependent enzymes may function as part of the oxidative lethal mechanism. 6 Previously, HSPB1 was suggested as a negative regulator of intracellular iron accumulation and uptake in fibroblasts or the heart. [34] [35] [36] Here, we provide evidence that overexpression of HSPB1 also inhibits erastin-induced iron uptake, whereas knockdown of HSPB1 increases erastin-induced iron uptake in cancer cells. Thus, when cancer cells contain aberrantly elevated levels of iron and HSPB1, 37,38 the cells may be predisposed to ferroptotic cell death if the HSPB1 pathway is downregulated.
In conclusion, our discovery of HSPB1 as a critical regulator of ferroptotic cancer cell death has provided new insights into the molecular mechanism of ferroptosis. It not only confirms the involvement of iron uptake and lipid oxidization in ferroptosis, but also provides a basis for possible combinational cancer therapy targeting both HSPB1 and ferroptosis. Given the pathogenic roles of ferroptosis in various diseases (for example, excitotoxic cell death, Huntington's disease, periventricular leukomalacia and renal injury), 6, 39 as well as the protective role of HSPB1 in these diseases, 40 it will be important to elucidate the mechanisms underlying HSPB1-mediated ferroptosis resistance under various conditions.
MATERIALS AND METHODS
Antibodies and reagents
The antibodies to HSPB1 (#H2289; 1:500), GAPDH (#G8795; 1:2000) and WAVE2 (#SAB2106929; 1:500) were obtained from Sigma (St. Louis, MO, USA). The antibodies to HSP90 (#4877; 1:1000), HSP70 (#4872; 1:1000), HSF1 (#4356; 1:1000), p-HSPB1 ser15 (#2404; 1:1000), ferritin heavy chain 1 (#3998; 1:1000) and transferrin receptor protein 1 (#13208; 1:1000) were obtained from Cell Signaling Technology (Danvers, MA, USA). Staurosporine (#S5921), Z-VAD-FMK (#V116), hydrogen peroxide solution (#H3410), deferoxamine (#D9533), calphostin C (#C6303) and cytochalasin D (#C8273) were obtained from Sigma (St. Louis, MO, USA). Erastin (#S7242), ferrostatin-1 (#S7243) and cyclosporin A (#S2286) were obtained from Selleck Chemicals (Houston, TX, USA). Nec-1 s (#2263) was obtained from BioVision (Milpitas, CA, USA). Gö 6983 (#133053-19-7) came from EMD Millipore Corporation (Billerica, MA, USA). KRIBB3 (#CAS 129414-88-6) was obtained from Santa Cruz Biotech (Santa Cruz, CA, USA).
Cell culture
HeLa (#CCL-2), U2OS (#HTB-96) and LNCaP (#CRL-1740) cells were obtained from ATCC (Manassas, VA, USA). These cells were grown in Dulbecco's Modified Eagle's Medium (HeLa), McCoy's 5a Modified Medium (U2OS) or RPMI-1640 Medium (LNCaP) with 10% fetal bovine serum, 2 mM L-glutamine and 100 U/ml of penicillin and streptomycin.
Cell viability analysis
Cell viability was evaluated with an alamarBlue Cell Viability Assay Kit (#88952, Thermo Fisher Scientific Inc. Rockford, IL, USA) according to the manufacturer's instructions. Described briefly, cells were plated in a 96-well plate and exposed to various concentrations of the cytotoxic compounds for an indicated time. The alamarBlue Reagent (10 μl) was added to each well, incubated at 37°C in 5% CO 2 for 4 h, and then the plates were measured at 545 nm/590 nm (Ex/Em) using the Tecan Safire 2 Multidetection Microplate Reader (Morrisville, NC, USA). Average percentage of inhibition at each concentration was calculated as previously described.
Western blot analysis
Western blot was used to analyze protein expression as described previously. 30 Described briefly, after extraction, proteins in cell lysates were first resolved by SDS-polyacrylamide gel electrophoresis and then transferred to nitrocellulose membrane and subsequently incubated with the primary antibody. After incubation with peroxidase-conjugated secondary antibodies, the signals were visualized by enhanced chemiluminescence (Pierce, Rockford, IL, USA, #32106) according to the manufacturer's instructions. The relative band intensity was quantified using the Gel-pro Analyzer software (Media Cybernetics, Bethesda, MD, USA).
RNAi and gene transfection
The human HSF1-shRNA (SHCLNG-NM_005526_TRCN0000007480; Sequence: 5′-CCGGGCAGGTTGTTCATAGTCAGAACTCGAGTTCTGACTATGAACAACCTGC TTTTT-3′), human HSPB1-shRNA1 (SHCLNG-NM_001540_TRCN0000342857; Sequence: 5′-CCGGGATCACCATCCCAGTCACCTTCTCGAGAAGGTGACTGGG ATGGTGATCTTTTTG-3′), human HSPB1-shRNA2 (SHCLNG-NM_001540_ TRCN0000008753; Sequence: 5′-CCGGCCGATGAGACTGCCGCCAAGT CTCGAGACTTGGCGGCAGTCTCATCGGTTTTT-3′); human WAVE2-shRNA (SHCLND-NM_006990_TRCN0000382420; Sequence: 5′-GTACCGGAGCTCT TTACTCAGGCAAATACTCGAGTATTTGCCTGAGTAAAGAGCTTTTTTTG-3′) and control shRNA (SHC001) were obtained from Sigma (St. Louis, MO, USA). pcDNA4-HisMaxC-HSPB1 and pcDNA4-HisMaxC-S15A/S86A were kind gifts from Dr Yoon-Jin Lee (Korea Institute of Radiological and Medical Sciences). 41 Transfections were performed with Lipofectamine 2000 (#11668-019, Invitrogen, Grand Island, NY, USA), as previously described. 42, 43 Heat shock treatment Cells were sealed in screw cap flasks containing an atmosphere of 5% CO 2 , 95% air. These flasks were then immersed completely in a water bath with a measured temperature of 42.5°C. By using this previously described protocol, 44 the medium within the flask reached 42.5°C within 5 min of immersion. After 1 h of immersion, cells were left at 37°C for 24 h and then treated with erastin.
HSPB1 and ferroptosis X Sun et al
Quantitative real-time polymerase chain reaction Total RNA isolation and quantitative reverse transcription PCR or real-time reverse transcription PCR were carried out by the procedures described previously. 45 Briefly, first-strand cDNA synthesis was carried out by using a Reverse Transcription System Kit according to the manufacturer's instructions (#11801-025, OriGene Technologies, Rockville, MD, USA). cDNA from various cell samples was amplified with specific primers (HSP100/ClpB: 5′-ACACCCTTGGATTATGCCCGAG-3′ and 5′-GATGTGCTC CTTTAGTCGCTGC-3′; HSP90: 5′-TCTGCCTCTGGTGATGAGATGG-3′ and 5′-CGTTCCACAAAGGCTGAGTTAGC-3′; HSP70: 5′-GACCTGCCAATCGAGAA TCAGC-3′ and 5′-CTGCGTTCTTAGCATCATTCCGC-3′; HSP60: 5′-TGCCA ATGCTCACCGTAAGCCT-3′ and 5′-AGCCTTGACTGCCACAACCTGA-3′; HSP40: 5′-AGTTCAAGGAGATCGCTGAGGC-3′ and 5′-GCTGAAAGAGGTACCA TTGGCAC-3′; HSPB1: 5′-CTGACGGTCAAGACCAAGGATG-3′ and 5′-GTGT ATTTCCGCGTGAAGCACC-3′; HSF1: 5′-TGAAAAGTGCCTCAGCGTAGCC-3′ and 5′-TGCTCAGCATGGTCTGCAGGTT-3′; PTGS2: 5′-CGGTGAAACTCTGG CTAGACAG-3′ and 5′-GCAAACCGTAGATGCTCAGGGA-3′) and the data were normalized to 18S ribosomal RNA (5′-CTTAGAGGGACAAGTGGCG-3′ and 5′-ACGCTGAGCCAGTCAGTGTA-3′).
Iron assay
The relative iron concentration in cell lysates was assessed using an Iron Assay Kit (#ab83366, Abcam, Cambridge, MA, USA) according to the manufacturer's instructions. This kit provides a simple convenient means of measuring ferrous and/or ferric iron in samples. In the assay, ferric carrier protein dissociates ferric iron into a solution in the presence of acid buffer. After reduction to the ferrous form (Fe 2+ ), iron reacts with Ferene S to produce a stable colored complex and give absorbance at 593 nm.
Lipid ROS assay
Fluorometric analysis of lipid ROS production was carried out using dye C11-BODIPY (#D-3861, Life Technologies, Grand Island, NY, USA) as previously described. 6 Oxidation of the polyunsaturated butadienyl portion of the dye resulted in a shift of the fluorescence emission peak from 590 nm to~510 nm.
Caspase 3 activity assay
Caspase 3 activity was assessed using a Caspase 3 Assay Kit (#ab39700, Abcam) according to the manufacturer's instructions.
LDH release assay LDH release was assessed using a LDH Assay Kit (#ab65393, Abcam) according to the manufacturer's instructions.
p-HSF1 (Ser326) assay
The relative determination of HSF1 phosphorylated at Ser326 in cell lysates was assessed using a HSF1 (pSer326) ELISA Kit (#ab136939, Abcam) according to the manufacturer's instructions.
Xenograftment assay in NOD/SCID mice Indicated HeLa cells were subcutaneously injected into the dorsal flanks right of the midline in SCID mice (weight~20 g). At day 7, mice were injected with erastin (20 mg/kg intravenously, twice daily every other day) with or without KRIBB3 (50 mg/kg intraperitoneally, once daily every other day) for 2 weeks. The erastin (C 30 H 31 ClN 4 O 4 ) was bought from Selleck Chemicals. Erastin was dissolved in vehicle (2% DMSO and 98% phosphatebuffered saline) and prepared by Ultrasonic Cleaner (Fisher Scientific, Grand Island, NY, USA). A final volume of 300 ul erastin was applied through the tail vein. The half-life and area under curve (0-t) of erastin are 27 min and 173 μg min/ml, respectively. The Rodent Tail Vein Catheter (Braintree Scientific, Braintree, MA, USA) were used to perform injection. This system allows easier access for both timed injections and repeated bolus administration. Tumors were measured once a week. The volumes were calculated using the following formula: volume (mm 3 ) = length × width 2 × π/6. This study was approved by the Third Affiliated Hospital of Guangzhou Medical University and the University of Pittsburgh Institutional Animal Care and Use Committees and performed in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care guidelines (http://www.aaalac.org).
Statistical analysis
Unless otherwise indicated, data are expressed as means ± s.d. and were evaluated using an analysis of variance least significant difference test. P-values o0.05 were considered statistically significant.
